This paper presents a comparison of the absolute infrared absorption intensities in the liquid and gas phases for the four infrared active fundamentals of benzene. In Herzberg's notation these are v12 (-3070 cm-'), vi3 (-1479 cm-'); vi4 (-1036 cm-'), and v, (-675 cm-'). Published data are used, including the recently published spectra of liquid benzene that have been accepted by the International Union of Pure and Applied Chemistry as secondary intensity standards. The present results agree qualitatively with the conclusions drawn in 1970 that the intensity Aj of vi2 is much smaller for the liquid than for the gas, and those of vis, vi4, and v, are all larger for the liquid. The inclusion of measurements made since 1970 should make the quantitative results reported here the most reliable. However, two quite different values have been reported in the 1980's for the intensity of vi4 in the gas phase, and both are considered. The comparison for vt4 is also complicated by the existence of weak bands in the spectrum of the liquid that are not observed in that of the gas. It is noted in this work that the traditional comparison, of the areas under the molar absorption coefficient spectra, Aj, for the gas and liquid through the Polo-Wilson equation, has the drawback that the ratio expected if the dipole moment derivative is unchanged is different for each band as well as for each liquid. A much more convenient ratio, that equals unity for all bands of all liquids under the traditional assumptions, is proposed through the imaginary molar polarizability spectrum of the liquid. The magnitudes of the transition moments and the dipole moment derivatives with respect to the normal coordinates under the double harmonic approximation are calculated from the measured intensities for the gas and liquid phases. It is found that the dipole moment derivative of vi2 is 24% smaller in the liquid than in the gas and that of vts is 18% larger. The dipole moment derivative of v, is unchanged by condensation. The change in the dipole moment derivative of v,~ is not clear, because of the uncertainty in the gas phase intensity and because of the uncertain origin of the intensity of the additional bands in the liquid.
INTRODUCTION
Benzene is a rigid molecule that has only one conformer and has essentially the same geometry in the gas and liquid phases. Accordingly, the absorption intensities of its fundamental vibrations in the gas and liquid phases have long been of interest as a relatively uncomplicated indicator of the changes induced by intermolecular forces. The intensities of benzene in the liquid'-14 and the gas15-2' phases have been measured by many workers. The most recent summary of the results and comparison of the intensities in the two phases was made by Zelano and King in 1970.7 Since 1970 the integrated intensities of the gas have been measured four times18-2' and those of the liquid have been measured four times.8-10T14 The results presented for the liquid in the most recent paper14 combined measurements made in five different laboratories and have been accepted by the International Union of Pure and Applied Chemistry as secondary standards for intensity measurements in infrared spectroscopy. Accordingly, in this paper the integrated intensities of the four infrared active fundamentals of benzene in the gas and liquid phases are compared using all of the data available today.
The quantities that are usually compared are the intea)Author to whom correspondence should be addressed.
grated intensities A, of vibration j in the gas and liquid phases. The intensity Aj is defined22 by 2.303 Aj=-Cd A,o( fi)dG=2.303 I E,,( C)dG,
where E, is the molar absorption coefficient, C is the concentration, d is the path length through the sample, and A 1o is the absorbance, defined22 by I,( 9 Alo=lw,o I,(
Here lo(V) and Z, (3) are the intensities incident on and transmitted by the sample, both fully corrected for all losses other than by absorption.22
The theoretical quantities of interest are the transition moment, R, =(fl~$)~, where f and i mean the final and initial states of the transition, respectively, and the magnitude of the dipole moment derivative with respect to normal coordinate Qj , pi= lapcc.laQjl. Under the usual assumption that the oscillators are mechanically and electrically harmonic the transition moment is for the fundamental transition, i.e., that between the ground state and the first excited state of vibration j. Under these assumptions and the additional usual assumption that the Lorentz local field is valid for the liquid, the integrated intensities Aj are related to these theoretical quantities by Eq. (3) for the gas2 " and Eq. (4) In Fq, (4). ~_t is the value the real refractive index would have at the wave number of the absorption band if the absorption band were not present.24
The ratio of Eq. (4) to Eq. (3) gives
The comparison of gas and liquid intensities is usually made relative to the unperturbed case, in which the molecular properties are the same in the gas and liquid phases. Thus, in the unperturbed case ~jlR,l' is the same for gas and liquid phases, ~u:,,i, = pLf,gas, and Eq. (5) becomes
This is the Polo-Wilson equation,24V27 the equation that is usually used to compare intensities in the two phases. It is convenient to call the numerical value of the right-hand side of Eq. (5a) the Polo-Wilson value. Equation (5a) gives the Polo-Wilson equation in terms of both the real refractive index, n, and the real dielectric constant, c. Refractive indices are near 1.5 for many liquids, which gives 1.35 for the Polo-Wilson value. However, both the refractive index and the dielectric constant are different for different compounds and are wave-number-dependent. Thus, the Polo-Wilson value is different for bands of different compounds and even for different bands of the same compound.
Consideration of the spectrum of the imaginary molar polarizability of the liquid,26*28*29 a:(V), yields a more convenient ratio. This ratio equals unity for all bands of all compounds in the unperturbed case, ~U,2~,i, = PT.,,,. It is obtained in the following way.
The Polo-Wilson equation assumes the Lorentz local held. Under the same assumption, the complex molar polarizability. G,,(S), can be calculated from the complex dielectric constant, f-(c), or from the complex refractive index, ii( 17). through the generalized form of the Lorentz-Lorenz formulas' shown in Eq. (6), in which V, is the molar volume:
The separation of this equation into real and imaginary parts shows that the imaginary molar polarizability can be calculated provided the spectra of the real and imaginary refractive indices are available. The relevant equations are conveniently summarized elsewhere.26T29 In fact, it is necessary to calculate these refractive index spectra in order to correct the absorption intensities for reflection losses properly. 12~14*25,31-33 Thus, the refractive index spectra and, consequently, the c$ spectrum are always available.
It should be noted that the complex local susceptibility, r?, that was defined by Clifford and Crawford34 through Eq. (7), is :elated to the complex molar polarizability by &,= V,C. In Eq. (7), i, is the complex electric susceptibility3'
The area Cj has been defined26 as the area under the band due to vibration j in the spectrum of co:. Cj is related to the dipole moment derivative and transition moment throUgh28.29.35, 36 Cj= I N,r va~(v)dv=~ gj~jlRjI'='~ rcLi2,liq. (8) Equations (3) and (8) In this paper the intensities of the four infrared active fundamentals of benzene in the gas and liquid phases are compared through the ratio Aj,,iq lAj,gas for convenient comparison with previous studies, and are compared in more detail through the ratio 8 rr2( Cj,liq lAj,gas). For three reasons we recommend that the latter ratio be used. First, its unperturbed value is independent of compound and, consequently, more convenient. Second, it is clear from Eq. (9) that a value of 1.35 or 0.65 means that ll.i2,eq is 35% greater than or 35% less than p;,gas, respectively. Third, we have shown29 that the appropriate value of n or _E can not be found with accuracy if the spectrum contains strong bands, so the Polo-Wilson value can not be used when accurate comparison is desired. The ratio 8 ~2( Cj,liq lAj,gas) is required for convenient and accurate comparison. Table I contains the values of Aj,liq of the four infrared active fundamentals of liquid benzene measured in this work over the specified integration ranges. They were measured from the molar absorption coefficient spectra reported previously.14 It should be noted that the areas given previously14 are not Aj values. They are areas under the mo-, lar absorption coefficient spectrum, not multiplied by 2.303, and areas under the imaginary refractive index spectrum. The integration limits in this work were selected for compatibility with the literature and to coincide with the apparent ends of the bands. They differ slightly from those used previously.14 Our values of A,,li, are compared in Table I with the literature values. The values in Table I differ significantly, especially those recorded before 1976. Some of the poor agreement may be because the integration range is not always known. Tests have shown that different probable integration ranges can give integrated intensities that differ by up to -5%; errors due to the integration range are not included in the uncertainties reported in Table I . A more detailed analysis of the previous measurements is not presented. It is simply noted that the average of the literature values is never outside the error limits of the present values by more than 2%. The spectral4 which yielded the present values were recorded on modem Fourier transform spectrometers by different workers in several different laboratories, and have been corrected for baseline variations using the method described previously.14V31 These values agree well with those measured by Hawranek and Jones' and by Zolotarev," and have been accepted by Commission I.5 of IUPAC as secondary infrared intensity standards. They are taken as the best available.
II. RESULTS
The values of Aj,gas of the four infrared active fundamentals of benzene are taken from the literature and summarized in Table II . For each band they agree within 2 15%. The intensity of vt3 has been given in the literature both with and without including the intensity of v~+ vi,, the 1528 cm-' band. Both values are considered in this paper. The integration ranges were given only by Goodman et al.,20 who used 1569-1421 and 1088-973 cm-' for vts and v14, respectively, and Akiyama'* who used the range 3140-3010 cm-' for vt2. The averages of all the reported values are taken as the values to use, except in the case of vt4, for which the 1989 value of Goodman et aLzO is 14% below the 1980 value of Akiyama18 which agreed well with earlier values.15't6 Goodman et aL2' speculated that this difference may be due to the use of different integration ranges, but tests have suggested that changing the integration range from 1088-973 cm-' to 1150-900 cm-' increases the integrated intensity by less than I%, not by 14%. Because of this uncertainty we include two different values of the intensity of v14 in the gas phase, one of which is the average of the three earlier, and larger, values (Table II) .
Absorbance spectra of the four infrared active fundamentals are shown for both liquid and gas phases in Fig. 1 . The range shown is the integration range used for the liquid intensities in this work. The spectra show that, with one exception, integration over the range shown includes the same bands for the gas and liquid phases. The exception is v14, which is accompanied by weak bands to low wave number in the spectrum of the liquid that are much weaker, if present, for the gas. This case is discussed later. Table III presents the values of Cj [Eq. (8)] of the bands of liquid benzene and compares them with the values of Aj of the gas. The values of Cj were determined in two ways. First, simply by measuring the area under the fiak spectrum between the integration limits given in Table I . These values are given in footnote c of Table III . Second, by fitting the -" spectrum with classical damped harmonic oscillator ;2&26,29 and calculating the full area under those bands whose peak wave numbers lie inside the integration range. It Ref. 19 . this is the total intensity including v4+ Y,, at 1528 cm-'. This is the intensity excluding v,+ vI1 at 1528 cm-'. 'The number given in parentheses is the 95% confidence limit in the terminal digit. must be noted that the fitted and experimental curves are visually indistinguishable, as is shown in Fig. 2 for Y,~. The values obtained from the fit are given in column 2 of Table  III . They differ by less than 6% from the values in footnote c, and are preferred because they fully include the wings of the bands. Table IV contains the best values of Aj for the bands of the gas and the liquid, where the latter were obtained by integration over the ranges given in Table I included in Table IV and compared with the Polo-Wilson value for each band and with the ratios reported previously.
Ill. DISCUSSION
The four reported values of Aj,es lAj,gas for each band differ significantly (Table IV ). The best current values do not agree overall with any previous set, although for the CH stretching band, y12, they do agree with the values reported in 1964 and 1960. For this band, all four reports agree that the intensity is weaker in the liquid than in the gas, and much weaker than that expected from the Polo-Wilson equation. For each other band the four reports agree that the liquid intensity is greater than that of the gas. However, they only agree whether the liquid intensity is greater or weaker than that predicted by the Polo-Wilson equation for the ring vibration v,~, for which it is greater than predicted.
The best current values of the ratio 8'rr2(Cj,li, lAj,gas) are given in Table III . The ratio is 0.58 for the CH stretching vibration (Table III) , indicating that l*.i2,as = 0.5 8,~~~,,, for v12. The ratio is 1.40 for the ring deformation at 1480 cm-', indicating that ,u; and VjlRj12 are 40% greater for v13 in the liquid than in the gas. The inclusion or exclusion of v4+ v,, at 1528 cm-' does not affect this ratio. For the very intense butterfly vibration, the A2u out-of-plane hydrogen vibration v,, the ratio is 1.07+0.12, showing that within experimental error ,u; and ~jIRjl' have the same values in gas and liquid phases.
The situation is more confused for the HCC deformation vibration, v14 at 1036 cm -l. The most recent value of the gas phase intensity is 7.48 km mole- ', reported in 1989 ." This value is 14% lower than all previous values,15"6*19 the most recent of which was reported in 1982.19 The intensity of the liquid has been studied many times and Cj in Table III is believed accurate to better than + l%.14 The two values reported for the gas in Table III yield the 8r2(Cj,l; /Aj,,,,) ratios 1.37 and 1.59, indicating that ,L$ and ~jIRj~ of the liquid are 37% or 59% greater than that of the gas. (-1480) 0.267(2)s 15.1 (24)g 0.234(2)h 13.1 (3)h Y,., (-1036) 0.151 (1) 8.7 (4) 7.5 (2) 0.123(l) ' 8.7 (4) 7.5 (2) v, (-675) 1.27 (5) 94 (10) 0.58 (7) 1.40(22)s 1.41 (3)h 1.37 (6) 1.59 (4) 1.12 (6) 1.29 (4) 1.07 (12) aHerzberg's notation is used to number the vibrations. The value of fi, is given approximately since it differs slightly for the gas and liquid phases. bThe number given in parentheses is the uncertainty in the terminal digit. 'The full area under the CDHO bands which fitted the Val spectrum in the integration range. The C, values obtained by integrating under .G& between the integration limits given in Table I are 0.532, 0.253, 0.225, 0.151, 0.119, and 1.21 km mole-', respectively. dFrom Table II. '?"he number in parentheses is the uncertainty in the terminal digit due to the uncertainties in C,.,,, and
Ai.8as. ' The ratio 87r2(Cj,,,, /Aj,& equals unity for all bands of all compounds in the unperturbed case that Y,IR,I' and /J: are the same for gas and liquid phases. gIncludes v,+v,, at 1528 cm-'. hExcludes v.,+v,, at 1528 cm-'. 'Corrected for the three low wave number bands not seen in the gas spectrum; see text.
Unfortunately, several weak bands lie to low wave number of the main vt4 peak in the spectrum of the liquid. They are much less noticeable in the spectrum of the gas, and raise concern about whether the comparison of the areas of gas and liquid over the same integration range compares the intensities of the same transitions. To determine the effect of The six CDHO bands required to fit the imaginary molar polarizability spectrum.
these weak bands, the imaginary molar polarizability spectrum was fitted with the six classical damped harmonic oscillator bands shown in the lower box of Fig. 2 . The upper curve in the top box shows both the experimental spectrum and the (indistinguishable) sum of the fitted bands. The lower curve in the top box of Fig. 2 shows the result of omitting the three lowest wave number CDHO bands from the sum. The area under this lower curve multiplied by wave number gives the value of Ci when these additional bands are neglected. This area (Table III) is 0.123 km mole-' instead of the total area of 0.151 km mole-', and yields the 8m2(Cj,tiq lAj,pas) values 1.12 and 1.29 with the two values of the gas-phase intensity. These ratios imply that ,LL; and ~jIRj12 of the liquid are 12% or 29% larger than those of the gas.
Our conclusions concerning vt4 are as follows. If the older and larger value, 8.750.4 km mole-', is the correct integrated intensity for the gas, and if the weak bands to low wave number of the main peak in the spectrum of the liquid do exhibit new intensity rather than intensity taken from the fundamental, 87~~(Cj,iis lAj,gas) = 1.12 and /..L; and VjlRjl" of the liquid are about 12% greater than those of the gas. If the new, lower value 7.5 km mole-' is correct for the gas, and the weak bands in the liquid spectrum steal their intensity from the fundamental, 8 ,rr2( Cj,ttg /Aj,gas) = 1.59 and /L; and VjlRj12 of the liquid are nearly 60% greater than those of the gas. The other two possibilities yield intermediate results. While Maslen et ~1.~~ have calculated that its+ ya, at 1010 cm-', has 1.8% of the intensity of Q, we know of no other relevant information and we see no way of determining which of the above possibilities is correct. Agreement about the intensity of vt4 in the gas phase is clearly needed.
The transition moments and dipole moment derivatives for the liquid and gas phases are given in Table V . The values for the liquid were calculated from the integrated inten- 'From Eq. (5a) using p equal to 1.479, 1.474, 1.467, and 1.550, respectively, for the four fundamental vibrasity C, through Eq. (8) and those for the gas from Aj through Eq. (3). The numerical values of the constants in these equations are given in the Appendix.
IV. CONCLUSION
The values of $ and ~jIRj1' are the same in the gas and liquid phases for v,, the Azu out-of-plane hydrogen vibration of benzene. For the CH stretching vibration, vt2, they are -40% smaller in the liquid than in the gas and for the inplane ring vibration, v,~, they are -40% larger in the liquid than in the gas. For the in-plane hydrogen deformation vibration the available evidence indicates that they are larger in the liquid by between 12% and 59%. Resolution of the uncertainty surrounding the intensity of this band in the gas phase is desirable. Table II . ' The number given in parentheses is the uncertainty in the terminal digit. dThe unit of IR,I is in D and the unit of pj is D A-' arn~-'~.
